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Abstract. We present a detailed analysis of time-resolved optical spectra of the ZZ Ceti white dwarf, HS
0507+0434B. Using the wavelength dependence of observed mode amplitudes, we deduce the spherical degree,
‘, of the modes, most of which have ‘ = 1. The presence of a large number of combination frequencies (linear
sums or differences of the real modes) enabled us not only to test theoretical predictions but also to indirectly
infer spherical and azimuthal degrees of real modes that had no observed splittings. In addition to the above,
we measure line-of-sight velocities from our spectra. We find only marginal evidence for periodic modulation
associated with the pulsation modes: at the frequency of the strongest mode in the lightcurve, we measure an
amplitude of 2:6 1:0 kms−1, which has a probability of 2% of being due to chance; for the other modes, we find
lower values. Our velocity amplitudes and upper limits are smaller by a factor of two compared to the amplitudes
found in ZZ Psc. We find that this is consistent with expectations based on the position of HS 0507+0434B in the
instability strip. Combining all the available information from data such as ours is a first step towards constraining
atmospheric properties in a convectionally unstable environment from an observational perspective.
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1. Introduction
The apparent simplicity of white dwarfs belies more com-
plex and ill-understood processes occurring in their inte-
riors. Pulsations, however, oer the precious possibility of
probing the interiors of these stars thereby yielding not
only fundamental stellar parameters but also important
clues of their prior history which can, in principle, be re-
constructed from their present interior structure.
Along the white dwarf cooling track, there are three
regions of instability: at Te  110kK, Te  24kK, and
Te  12 kK, populated by the GW Vir, V 777 Her (DBV),
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and ZZ Ceti (DAV) types, displaying strong lines in their
optical spectra of He ii and C iv, He i, and H respectively.
Given the relatively long pulsation periods of white
dwarfs, the realisation that white dwarfs are non-radial
gravity-mode pulsators (??) came soon after the discovery
of the rst variable white dwarf (?); that their photometric
variations are primarily a manifestation of temperature
perturbations rather than due to variations in geometry
or surface gravity came only a decade later (?).
In order to subject the ZZ Cetis to asteroseismologi-
cal analysis and to provide constraints for pulsation mod-
els, it is crucial that the eigenmodes associated with the
observed periodicities be identied. Observationally, this
means determining the value of the spherical degree, ‘,
and azimuthal order, m. A third quantity, not an observ-
able, is the radial order n; it species the number of nodes
in the radial direction and can only be inferred by detailed
comparison of observed mode periods with those predicted
by pulsation models.
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Mode identication for the ZZ Cetis is fraught with
diculties. In part, the analysis has been hampered by
an insucient number of pulsation modes excited to ob-
servable levels and mode variability over several dier-
ent time scales. For the vast majority of ZZ Cetis, results
have remained somewhat ambiguous as the prerequisites
for asteroseismological analysis were not met. Even the
Whole Earth Telescope (WET) campaigns (?) on several
objects (?, e.g. G 117-B15A, ZZ Psc,)]kepler:95,kman:98
were thwarted either by the small number of modes and
lack of clear multiplet structure exhibited by these ob-
jects. Most eorts have focused on identifying similarities
between the pulsational spectra of dierent stars to con-
strain the mode identication. This ultimately has a bear-
ing not only on the determination of fundamental stellar
properties but also on the mass of the supercial hydro-
gen layer (?, e.g.)]bradley:98. It is clear that there is an
acute need for more direct and complementary methods
of pinning down the identication of the eigenmodes.
To this end, ?) presented a method for inferring ‘ based
on the the wavelength-dependence of limb darkening, due
to which observed mode amplitudes vary with wavelength
in a manner that depends on ‘, but not on any of the other
properties of the pulsation mode, such as m or amplitude1.
Thus, in a given star, modes having the same spherical
degree will behave in the same manner. ?) acquired pho-
tometric data in the ultraviolet of the ZZ Ceti star G 117-
B15A. Application of Bayes’ theorem and quantitative use
of model wavelength-dependent pulsation amplitudes led
them to infer that the largest amplitude mode of G 117-
B15A had ‘ = 1.
More recently, ?) and ?) used a variant of the above
method to identify the spherical degree of the pulsation
modes observed in ZZ Psc (a.k.a. G 29-38) { a star that
has been notoriously erratic in the pulsation modes that
it excites. Their investigation, which was based on ampli-
tude changes within the Balmer lines at visual wavelengths
only, yielded empirical dierences between the modes that
were best interpreted as several ‘ = 1 modes and one
‘ = 2 mode; the presence of modes of diering ‘ obviated
the need for quantitative model comparisons making their
identication more secure than any previous attempt. A
surprising by-product of their analysis was the detection of
variations in the line-of-sight velocity associated with the
pulsations. Given the instrumentation available at that
time, these were thought to be too small to measure (?).
The measurement of line-of-sight velocity variations
associated with the pulsations can be used in two com-
plementary ways: (i) they provide a means with which to
verify and constrain the theories of mode driving and, (ii)
under certain theoretical assumptions, velocity variations
in conjunction with flux changes provide an important
new tool with which to probe the outer layers of pulsating
white dwarfs.
In this study, we will only attempt to interpret our ob-
servations within the context of theories of mode driving
1 At least for pulsation amplitudes of up to 5% (?).
via convection (????), as opposed to theories which pur-
port mode driving by variants of the classical -mechanism
(?, e.g.)]dzk:81,dv:81,wing:82. Unfortunately, as far as we
are aware, testable predictions for these models are not,
as yet, available.
Within the context of the \convective-driving" pic-
ture the convection zone responds to perturbations from
the adiabatic interior on time scales very much shorter
( 1 s) than the mode periods (hundreds of seconds).
This allows the convection zone to absorb and release
the flux perturbations cyclically, thus driving the pulsa-
tions. Combination frequencies (linear sums and dier-
ences of the real modes) arise naturally in the above pic-
ture and can, in principle, provide additional information.
Furthermore, the relation between the flux and velocity
variations allows one to estimate the total thermal capac-
ity of the convection zone. Qualitative relations derived
by ??) show that these are also sensitive to ‘. We explore
these issues in Sect. ??.
Based on the success of identifying the ‘ index of
the modes of ZZ Psc using time-resolved spectroscopy,
we present here, results from a similar analysis on HS
0507+0434B. Our primary aims are to attempt to de-
termine the spherical degree (‘) of the pulsations and to
search for line-of-sight velocity variations associated with
the pulsations. We also hope to constrain the properties
of convection, a process which is poorly understood and
therefore one of the main sources of uncertainty in the
models.
We begin with a brief introduction to HS 0507+0434
in Sect. 2 followed by a description of the data in Sect. 3.
In Sects. 4, ??, and ??, we attempt to extract the flux and
velocity amplitudes and phases and the change in pulsa-
tion amplitudes with wavelength. From Sect. ?? onwards,
we apply the constraints provided by all of the above to
extricate quantities that allow us to both test and subse-
quently use the theory.
2. HS 0507+0434
HS 0507+0434, like many other white dwarfs, is the by-
product of a survey for faint blue objects (the Hamburg
Quasar Survey in this case). It comprises two DA white
dwarfs in a common proper-motion pair which, as dis-
cussed by ?), is of particular interest for two reasons.
First, the eective temperatures of 20 kK for HS 0507A
and 11.7 kK for HS 0507B are such that the atmosphere of
the former is completely radiative, while the latter has an
outer convection zone. Thus, one can hope to use the pa-
rameters inferred from HS 0507A, which should be secure
{ since radiative atmospheres consisting of pure hydrogen
are well understood { to calibrate models for HS 0507B,
which have to rely on uncertain models for convection.
?) found that only with relatively inecient versions of
the Mixing Length Theory (MLT) were they able to nd
consistent solutions for both components in the system.
The second reason that HS 0507+0434 is of interest
is that the temperature of HS 0507B { as derived from
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Fig. 1. Sample and average spectra of HS 0507A and B in
the 3650–5800 A˚ range with the Balmer lines indicated. The
average spectra are offset from the sample spectra by 1 mJy
and 0.65 mJy for the A and B components respectively.
its spectrum { placed it squarely within the ZZ Ceti in-
stability strip; fast photometry on this object revealed
it, as expected, to be variable (?). A study of the tem-
poral behaviour of HS 0507+0434B, based on photomet-
ric measurements collected over a total of seven consecu-
tive nights, was recently carried out by ?). These authors
were able to resolve a set of three equally spaced triplets2.
Under the assumption that the splitting was due to the ef-
fect of slow rotation on ‘ = 1 modes, the observed triplets
yielded an estimate of the rotation rate ( 1:5 days) and
the m values of the multiplets. They also found that in
all three triplets, the m = 0 component was much weaker
than the m = −1 and m = +1 components, which were
of roughly similar strength. Assuming that the intrinsic
amplitudes were the same for all m components, they es-
timated the inclination of the rotation axis with respect
to the line of sight to be  79. The independent ‘ iden-
tications aorded by clearly split multiplets are highly
desirable as they can help to validate the identications
that rely on time-resolved spectroscopy only, given the
dierences between model spectra and observations.
As will become clear in the following sections, the ad-
vantage of having a flux and velocity reference in the same
slit as the target greatly increases the accuracy of subse-
quent measurements by making it possible to not only
2 Assuming spherical symmetry, frequencies of modes hav-
ing the same n and ‘ are degenerate. Slow rotation and/or a
magnetic field lifts this degeneracy resulting in 2‘+1 and ‘+1
split components respectively.
Fig. 2. Light and velocity curves of HS 0507B, shown here for
the first night only for the sake of clarity. t0 = t−10:15:14 U.T.
i.e. relative to the midpoint of the time series. (a) Fractional
variations in the continuum region between  5300 – 5800 A˚.
The variations are with respect to the continuum of HS 0507A
in the same wavelength region. Note that the maxima are
stronger and sharper than the minima as is typical for ZZ Ceti
type pulsators. The bottom curve shows the residuals (offset
by +0.92) after fitting 26 sinusoids with amplitudes larger than
0.15% (see Table 1); (b) variations in the line-of-sight velocity
also with respect to HS 0507A – as derived from fitting pro-
files to H, Hγ, and H. No obvious variations are present and
indeed we detect only marginal velocity variations associated
with the pulsation modes (Sect. ??).
divide out atmospheric fluctuations, but also to ensure
that small random movements of the target in the slit are
accounted for in the determination of the Doppler shifts
of the Balmer-lines, thus making HS 0507+0434 an ideal
system on which to test theoretical predictions.
3. Observations and Data reduction
HS 0507+0434 was observed on the nights of 10th and
11th December 1997 using the Low Resolution Imaging
Spectrometer (LRIS) on the Keck II telescope (?). An 8:007-
wide slit was used together with a 600 line mm−1 grating
covering the 3450-5960A range at 1.25Apixel−1. On-chip
binning by a factor of two was implemented in the spatial
direction. The rst night was photometric and the seeing
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of 1:002 set the wavelength resolution to 7A. There were
thin patches of cirrus on the second night; furthermore,
there was a great deal of windshake, which resulted in
a worse resolution (9 A) although the situation improved
towards the end of the run as the elevation decreased. A
contiguous set of 560 24 s exposures were acquired from
7:13:35 to 13:17:17 U.T. on the rst night and a further
280 exposures were obtained from 7:10:50 to 10:12:24 U.T.
on the following night. For both nights, the series was pre-
ceded by exposures of the flux standard G 191-B2B (ve
and ten integrations of 4 s respectively), followed by HgKr
arc spectra for wavelength calibration, and halogen flat-
eld frames. A total of 64 frames from the second night
had to be discarded due to a malfunction of the guider,
which resulted in the targets drifting o the slit. We de-
cided to x the slit at the position angle required to have
both components of the system in the slit and deal with
the eects of dierential refraction during the reduction of
the data. The decision to use a wide slit stemmed from the
need to acquire ‘photometric’ measurements of HS 0507
A and B in addition to measurements of variations in the
line-of-sight velocity (see Sect. 4).
The reduction of the data was carried out using
MIDAS3 and using routines running in the MIDAS envi-
ronment written specically for the LRIS instrument and
this data set. In detail, our reduction procedure entailed:
(i) subtracting the CCD bias level of each amplier sep-
arately using the overscan region; (ii) correcting for the
(small) non-linearities that most CCDs are prone to, using
linearity curves of the CCD derived from previous obser-
vations using the LRIS instrument; (iii) correcting for the
gain dierence between the 2 ampliers as derived from
halogen lamp frames; (iv) flat-elding using an average of
the halogen frames for the rst night and an average of
dome-flats for the second night (as these gave smoother re-
sults); (v) sky subtraction; (vi) correcting for the error in-
troduced by dividing by a flat eld taken through slightly
non-parallel slits (described in more detail below); (vii)
optimal extraction of the spectra using a method akin to
that of Horne (1986); (viii) wavelength calibration using
Hg/Kr frames (by tabulating wavelengths for each pixel
rather than by rebinning the spectra), with an oset de-
termined from star A, and including a correction for re-
fraction (see below); and (ix) flux calibration with respect
to the flux standard G 191-B2B, using the model fluxes
of ?) and using the extinction curve of ?) to correct for
small dierences in airmass.
Among the usual preprocessing stages described above,
two additional non-standard steps were required given our
use of a wide slit, namely the need to correct for non-
parallel slit-jaws and the need to account for the eects
of random stellar wander in the slit due, for instance,
to seeing-related changes, windshake, and tracking uncer-
tainties.
3 The Munich Image Data Analysis System, developed and
maintained by the European Southern Observatory.
The former correction is necessitated by the fact that
while the flat-elds and sky background are influenced by
the shape of the slit, the light from the targets is not,
as no light falls outside the slit jaws. The sky background
was determined by tting rst degree polynomials for each
step along the dispersion direction excluding two regions
of 26 and 30 binned pixels corresponding to HS 0507A
and HS 0507B respectively, and multiplying the result by
a function describing the shape of the slit. Finally, we di-
vided the images by an average flat eld frame that was
normalised along the spatial direction in order to main-
tain the correct relative flux ratio between the two target
objects.
A second non-standard correction is required to purge
the data of any extraneous eect that introduces shifts
in the positions of the Balmer lines, such as instrumen-
tal flexure, refraction, and wander. In principle, all these
changes should aect HS 0507A and B in the same way,
and one could simply measure wavelengths relative to HS
0507A only. However, we prefer the following methodol-
ogy, as it not only permits us to assess the quality that
one may expect in the absence of such a fortuitous local
calibrator, but it also permits us to verify the stability of
HS 0507A and provides insight into any systematic eects
that may have crept into our analysis of other targets.
We rst correct the spectra of both stars for instrumental
flexure and refraction4 and only then apply a correction
for stellar wander, using the measured osets of Hγ of HS
0507A as ducial points. Having thus corrected each pixel
in the spectrum for the eects of instrumental flexure,
dierential refraction, and random wander in the slit, we
redid the wavelength and flux calibrations. Any remaining
osets of the Balmer lines from their respective laboratory
wavelengths must now be due to intrinsic variations only.
An estimate of the remaining scatter due to wander
in the derived velocities can be obtained from the shifts
in the slit of the spatial proles of both HS 0507A and
HS 0507B and assuming that the scatter in these shifts
is also representative of the scatter in the dispersion di-
rection. Having tted Gaussian functions to the spatial
proles, we take the standard deviation of the dierence
of the resulting centroid positions of HS 0507B with re-
spect to those of HS 0507A as an indicator of the scatter
and obtain a value of 2km s−1at Hγ as an average value
for both nights. This is well below the measurement errors
(see Sect. ??). Note that the root-mean-square scatter for
ZZ Psc was 14 km s−1at Hγ (?). The value of having a ref-
erence object in the slit thus cannot be overemphasized.
The nal average spectra of HS 0507+0434 A and B,
as well as sample individual spectra, are shown in Fig. 1.
4. Periodicities in the Light Curve
Continuum light curves for each night were constructed
by dividing the average flux in the 5300{5800A region of
4 See Appendix ?? where we scrutinize HS 0507A for any
signs of variability.
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Fig. 3. (a) Fourier transform of the light curve (top) and residuals (bottom) offset by −0.2%. The maximum amplitude of
peaks longward of 9000Hz is  0.09%. (b) Fourier transform of the velocity curve. The frequencies inferred from the light
curve are indicated. None of the frequencies present in the light curve have obviously significant associated velocity modulation.
This is confirmed by our detailed analysis (Sect. ??), with the possible exception of F2, for which we find that associated signal
has a probability of only 2% of being due to chance, constituting a marginal detection. (Note that without prior information
from the light curve regarding which frequencies to expect, this peak would also be insignificant). Both (a) and (b) have been
constructed using data from both nights.
HS 0507B by that of HS 0507A (see Figs. 1, 2a). Note
that the time axis has been computed relative to the mid-
dle of the time series in order to minimize any covariance
between the frequencies and phases of the sinusoids we
subsequently use to t the light curve (t0 = t−16 : 33 : 20
U.T.). The Fourier transform of the light curve obtained
by merging the data from both nights is shown in Fig. 3a
and is typical of that of the ZZ Cetis.
We determined the periodicities consecutively in terms
of decreasing amplitude by means of an iterative process:
using an approximate value for the frequency of the high-
est peak, we tted a function of the form A cos(2ft0 −
) + C where A is the amplitude, f the frequency,  the
phase and C, a constant oset. The t yielded A, f and
. The process was repeated, adding a new sinusoid each
time, and tting for all parameters simultaneously until
no peaks with amplitudes > 0:15% could be identied in
the Fourier transform of the residuals.
Combination frequencies were identied by searching
for linear combinations of the real modes and these were
tted by xing the frequencies to those of the correspond-
ing combination of the real mode frequencies. We imposed
the requirement that the combination frequency in ques-
tion have the smallest amplitude of the frequencies in-
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Table 1. Pulsation frequencies and other derived quantities from the light and velocity curves of HS 0507B
Mode Period Frequency L AL AV V RV V
(s) (µHz) () (%) (km s−1) () (Mm rad−1) ()
Real Modes:
f F1 (f10) m = 1 354.9  0.03 2817.5  0.3 −27  4 0.68  0.11 2.0  1.0 61  29 17  9 88  29
F2 (f8) m = −1 355.8  0.02 2810.9  0.2 −57  1 2.27  0.06 2.6  1.0 −13  23 6  3 44  23
F3 (f2) m = −1 557.7  0.03 1793.2  0.1 −6  1 1.87  0.04 0.8  0.8    4  4   
F4 (f1) 743.0  0.13 1346.1  0.2 −153  2 1.39  0.04 0.3  1.1    2  9   
f F5 (f5) m = −1 446.2  0.05 2241.1  0.2 −0.2  3 1.10  0.09 1.6  1.1    10  7   
F6 (f7) m = 1 444.8  0.06 2248.4  0.3 74  3 1.36  0.07 2.3  1.1 79  26 12  5 4  27
F7 286.1  0.04 3495.8  0.5 147  6 0.36  0.04 0.8  0.8    9  9   
Combination Modes:
Mode Period Frequency L AL AV V RC C
(s) (µHz) () (%) (km s−1) () ()
F4+F6 278.2 3594.4 −131  4 0.80  0.05 0.9  1.1    20.7  1.8 −53  5
F1+F3 216.9 4610.7 −32  7 0.38  0.04 0.2  1.0    15.0  3.0 1  8
F2+F3 217.2 4604.2 −73  8 0.30  0.05 1.1  1.0    3.5  0.6 −10  8
F2+F4 240.6 4156.8 129  11 0.20  0.04 0.4  0.8    3.0  0.6 −21  12
F3+F6 247.4 4041.7 71  8 0.33  0.04 1.0  1.0    6.4  0.9 2  8
F3+F5 247.9 4034.4 −57  17 0.16  0.04 0.4  1.1    3.9  1.1 −51  17
F1+F5 [F2+F6] 197.7 5058.6 −12  4 0.50  0.04 1.4  0.8    32.8  6.2 15  7
F2−F4 682.6 1464.9 41  6 0.37  0.04 1.3  0.8    5.9  0.6 −55  6
F5+F6 222.7 4489.6 80  8 0.27  0.04 0.8  0.8    9.0  1.5 5  9
F1+F2 177.7 5628.4 −140  10 0.21  0.04 0.5  0.8    6.7  1.6 −57  11
F3−F4 [F5−F3] 2236.5 447.3 −102  9 0.23  0.04 0.3  0.8    4.3  0.7 111  10
F1−F5 1735.0 576.4 144  10 0.22  0.04 0.9  0.8    14.4  3.5 170  11
F3+F4 318.6 3139.2 160  11 0.19  0.04 1.0  0.8    3.6  0.7 −41  11
2F3 [F4+F5] 278.8 3586.5 −128  17 0.19  0.05 1.4  1.0    5.4  1.5 −116  17
F1+F2+F3 134.7 7421.6 −128  14 0.16  0.04 0.3  0.8    90  30 −38  14
F2+F4+F6 [2F3+F1] 156.1 6405.2 151  7 0.28  0.04 0.7  0.8    108  16 −74  8
F3+F4+F6 185.6 5387.6 152  8 0.25  0.04 0.7  0.8    117  19 −124  9
2F4+F6 202.4 4940.3 −14  13 0.17  0.04 1.8  0.8    208  50 −143  14
F4+F6−F5 [m=1, F4] 739.0 1353.3 1  18 0.24  0.05 1.3  1.0    190  43 79  18
Notes. The frequencies listed in brackets next to the real modes refer to the nomenclature preferred by ?). The curly brackets next to two pairs of
real modes indicate that these are multiplets sharing the same ` but diering m values (see also Sect. ??). We have followed the convention that
positive values of m correspond to prograde modes. RV = AV /(2pifAL), in units of Mm rad
−1, has the physically intuitive meaning of being the
typical distance a fluid element travels on the surface for a pulsation with a fractional amplitude of unity. L and V are the phases of the sinusoids
t to the light and velocity curves respectively with V = V −L. For the combination frequencies, RC = AijL /(nijAiLAjL) where nij is unity
for i = j, 2 for 2-mode combinations etc. and 3 for 3-mode combinations involving the rst harmonic, e.g. 2F4+F6. C = 
ij
L − (iL  jL).
Potentially misidentied modes are listed in square brackets next to the combination modes. Note that this list is not an exhaustive one. The
frequency of the combination F4+F6−F5 is at the location of the m = 1 multiplet c.f. F4 (we infer in Sect. ?? that F4 has ` = 1 and in Sect. ??
that it probably has m = −1).
volved. Identication of combination frequencies was not
always easy due to degenerate combinations (e.g. F3−F4
’ F5−F3 given our resolution). In such cases, we opted
for the largest amplitude of the combination frequency
and the lowest possible error yielded by the t. The light
curve is not free of periodicities after having subtracted
the frequencies listed in Table 1; although we continued
to t further combination modes, we found that the choice
of combinations became rather arbitrary and hence we do
not report these here.
Two statements can already be made on the basis of
Table 1. First, as F1 and F2 have the same splitting as
the F5 and F6 multiplet components, they therefore very
probably also share the same ‘ value. From the analysis
of ?), who detect triplets in each of these groups, they are
likely to have ‘ = 1 and m = 1. Second, the periods of
the real modes are very similar to those observed by ?) in
a time series spanning 10 years for ZZ Psc, a similar, but
slightly cooler white dwarf. In that star, these authors nd
real modes at periods ranging from 110 - 915 s. For ‘ = 1,
these correspond to successive radial orders (n) from 1 to
18. The modes in common with HS 0507B are at 284, 355,
and 730 s, which they identify as having radial orders of
4, 5, and 13 respectively. The n = 7 mode in their model
is the only mode (from n = 1 - 18) not detected in the ZZ
Psc data. Interestingly, a mode at the expected frequency
is present in HS 0507B as the F5,F6 multiplet pair (445 s)
at the expected separation for ‘ = 1 modes. It is tempting
to conclude that, as for the hot ZZ Cetis (?), the cool
ZZ Cetis have remarkably similar structure. One should
bear in mind, however, that similar period structures may
well be produced for a number of dierent combinations
of mass and hydrogen-layer thickness (?, e.g.)]bradley:98.
